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a b s t r a c t
Nanomaterials form the main thrust for modern day technological and industrial applications, including
but not limited to, super-capacitors, membranes, batteries, filters, sensors, tissue engineering, wound
dressing, protecting vesture, reinforcement in composite materials, etc. Ceramic nanofibers are at the
forefront of these materials due to their high surface area and tunable nano structures and porosity.
However, obtaining nanofibers with a well-developed uniform crystallinity and a perfect morphology
is a challenging task. Among various techniques utilized for preparation of nanofibers centrifugal jet
spinning covets merits due to its high efficiency production rate, cost adequacy and operational safety.
In the present manuscript we report preparation of TiO2 nanofibers by Sol–Gel Course with Centrifugal
Jet Spinning using tetrabutyl titanate as main organic titanium precursor. Herein we demonstrate that
a well-developed crystallinity and a perfect morphology of TiO2, from Nano to micro-scales, can be
achieved after decomposition of polymer and removal of carbon. Effect of various factors such as
PVP content, speed of rotation, humidity and heat treatment on the fiber growth was investigated.
Effect of variation in soaking time and different temperatures on the TiO2 nanofiber grain growth
was also investigated. Phase structure of TiO2 nanofibers was characterized by X-ray diffraction (XRD).
Microstructure of the nanofibers was analyzed using Scanning Electron Microscopic (SEM) studies and
Transmission Electron Microscope (TEM) studies. Kinetic exponents of grain growth were likewise
acquired by with the help of an image processing software. Outcomes of our investigations show that
crystallinity and morphology of grains of fibers are highly sensitive to temperature and soaking time.
Image analysis demonstrates that sintering temperature greatly affects the crystallinity and grain size
of the nanofibers over 700 ◦C.
© 2019 Elsevier B.V. All rights reserved.
1. Introduction
TiO2 nanomaterials, due to their special surface characteristics,
show remarkable photocatalytic activity and wetting ability. This
makes them agents of choice in water treatment, and air quality
control to expel or deteriorate the contamination [1–3]. Grain size
of the ceramic nanomaterials, crystal structure, phase, porosity
and surface area, are the important parameters which greatly
effect activity of TiO2 [4]. Consequently, a lot of research efforts
worldwide are focused towards obtaining TiO2 nanomaterials
with various shapes and sizes suitable for particular applications.
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Although it is challenging to manipulate the shapes and sizes
of materials at nanoscale, continuous efforts of scientific commu-
nity so far has paved the way to uncommon structures and mor-
phologies of TiO2 nanoparticles, such as nanospheres, nanowires,
nanotubes, nanorods and nanoflowers to name a few. It has
been observed that these morphological attributes are greatly
affected by conditions prevalent in the reaction mixture at the
time of nanomaterial formation including components such as
temperature, viscosity, presence or absence of capping agents
and stabilizing agents etc. [5]. Even more interesting are the
composite nanomaterials which may be viewed as a hybrid of
organic–inorganic materials. These composite ceramic nanoma-
terials, for example TiO2 effectively connected into composite
materials such as nanofibers, have been demonstrated to possess
unique properties [6–9]. These unique properties, however, are
accessible only if one could prepare the nanomaterials of desired
https://doi.org/10.1016/j.nanoso.2019.100413
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shape and effectively incorporate these prepared nanomaterials
in the composite materials.
The conventional and most widely used processes for ob-
taining ceramic nanomaterials include electro-spinning [10–12]
hydrothermal treatment [13–15], laser ablation [16,17], chemical
vapor deposition (CVD) [18–20] etc. Another commonly used
technique, centrifugal jet spinning, is a highly efficient fiber for-
mation methodology. Centrifugal jet spinning offers some ad-
vantages over the other methods for production of fibers. It has
less complex control parameters such as reaction temperature,
pressure etc. Centrifugal jet spinning offers high yields with high
efficiency. Use of centrifugal jet spinning also circumvents the
need for long term maintenance of expensive equipment. It is
relatively safe as it does not make use of high voltage or complex
reaction chambers or autoclaves. These attributes also make the
procedure more convenient and easy to operate in comparison to
the other competing methodologies [12,16,20]. In a nutshell, this
strategy is fit for expanding yield and efficiency for production of
nanomaterials and generation of the nanomaterials is relatively
safe.
Sol–Gel processes are being widely used for thin film prepara-
tions. In addition to surface treatment of TiO2 nanoparticles this
method can also be utilized to incorporate nanomaterials in the
composite materials. TiO2 nanoparticles with diverse morphology
and porosity such as dense powders and fibers can be effectively
incorporated in the composites using Sol-Gel methodology [21].
The principal parameters which affect this process and the ex-
tent to which the materials are incorporated effectively in to
the ceramic composite materials include reactant stoichiome-
try, temperature, time and pH of the nanomaterial preparation
media [22].
Changes in properties of nanomaterials are consequences of
phase changes accompanied by crystallization and grain growth
in nanostructure. Our prime focus in this manuscript is to three
different aspects of TiO2 nanofiber composite materials. This work
provides a green protocol for production of TiO2 nanofibers. This
green aspect of the protocol is facilitated by nucleation and
growth without heat treatment. The second aspect is unifor-
mity in the shape and size of the obtained nanomaterials. The
third aspect we investigated is the non-uniform growth of the
nanomaterials at the cost of fine grains formed in the process [23].
In our previous research work we have shown that fractal
dimension of pores and grain boundaries can be utilized as pa-
rameter of grain growth, which serves as a phenomenological
descriptor for mechanistic investigations of grain growth in var-
ious types of ceramics nanomaterials. It also serves as a guiding
principle for understanding nucleation and growth of nanomate-
rials with respect to their porosity and effect of impurities such
as carbon content. Alternatively, we seek kinetics of grain growth
through parlance of fractal dimension [21,24].
Present work demonstrates preparation of TiO2 composite
nanofibers by centrifugal jet spinning, and explores the impact
of sintering conditions, temperature and time (soaking time, The
fibers are heated to the desired temperature for a certain period
of time), on the grain parameters that can essentially change the
phase and microstructure of the sample. As mentioned earlier
we make use of fractal dimension as a microstructure parameter
which describes any adjustments in grain microstructure during
sintering process.
2. Experimental
2.1. Centrifugal jet spinning
Fig. 1 provides a schematic of centrifugal spinning device.
Generally, polymer solution is fed to a rotating chamber with
Fig. 1. Schematic of centrifugal spinning device.
nanoparticle precursor at steady rate comprising of in excess of
hundred orifices. In present case we fed the polymer solution at
a rate of 6 mL/Min. While the rotation goes on the nanoparticle
solution is constantly pushed towards the inner surface of the
chamber, where the orifices are located, as result of action of the
centrifugal force. When the centrifugal force equals and exceeds
the surface tension and viscosity of the solution a fine jet of
the solution emerges out of the orifices due to this capillary
action. This forceful emergence of the solution is accompanied
by elongation of the exudate and evaporation of the solvent in
the polymer solution giving access to fine fibers which are finally
gathered in a collector plate.
2.2. Sol–gel route
Using tetrabutyl titanate (Ti (OC4H9)4) as the metal precursor
TiO2 fibers with nanocrystal grains were synthesized by sol–gel
route (Fig. 2) . Polyvinylpyrolidone (PVP) was used as a viscosity
imparting polymer reagent. We used acetic acid (CH3COOH) and
ethyl alcohol as solvents. In order to obtain the initial blend of
the metal precursor with PVP acetic acid was first mixed with
polyvinylpyrolidone (PVP) dissolved in ethyl alcohol and acetyl
acetate followed by addition of Tetrabutyl titanate (TBT) to the
mixture. The amount of various components of the blend were
chosen in a way so as to obtain a 4% amount of the added
polymer in the solution. This blend was then mixed thoroughly
and energetically at room temperature for 1 h to obtain the
final TiO2 precursor solution as a sol–gel. The as prepared sol–
gel solution was carefully dropped on the central point of the
centrifugal jet spin rotor. Following this the rotor was operated
at a speed of 3000 rev./min. In order to investigate the effect
of temperature on the microstructure of the composite materials
we sintered one group of fibers in temperature range of 300 to
800 ◦C for 2 h. Progression of microstructure at an isothermal
hold of 700 ◦C was examined using different samples kept at
700 ◦C for varying time spans from 1 to 600 min. In order to
examine the sintering procedure in stages, samples were heated
in open environment with a heating rate of 3 ◦C/min in a regular
heater. DSC/TGA analysis (German NETZSCH, STA449 F3) and
XRD (powder diffractometer) were carried out to examine the
crystallization of TiO2. The microstructure of the powders was
analyzed using Scanning Electron Microscope SEM (Hitachi SU-
70) and Transmission Electron Microscope (Hitachi-TM 3000).
The grain size of TiO2 nanocrystals obtained was analyzed and
computed by image analysis software IMAGE J.
3. Results and discussion
3.1. Characterization of TiO2 nanocrystals
Thermogravimetric analysis (TG) was used to estimate TiO2
and carbon content of hydrothermally synthesized samples [25].
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Fig. 2. The preparation process of TiO2 fibers with sol–gel route.
As stated in the experimental details described above thermal
decomposition of TiO2 Sol–gel in the wake of preheating (40 ◦C,
24 h) and amid calcination in ambient air, was contemplated
utilizing DTA/TG. The outcomes are displayed in Fig. 3. As can be
seen, the total weight reduction of the sol–gel when heated from
30 ◦C to 800 ◦C sums up to 70%. As observed in our previous
studies the DTA/TG curves again points to the fact that decom-
position of TiO2 can be partitioned into four distinct steps. The
temperature ranges in the first step, second and third step are 30–
110 ◦C, 100–250 ◦C and 250–450 ◦C while the weight loss in each
of these steps is around 5.2%, 13.77%, and 35.05%, respectively.
The weight loss at these steps can be attributed to evaporation
of water and organic solvents and the burning of the organic
materials of the system of the sol–gel. It was observed that these
three initial thermal steps are not accompanied by any solid
noteworthy thermal impact as seen in DTA curve. However, along
the last step in the temperature range of 450–800 ◦C comparative
weight loss is 16.66%. Apart from this there is also an endothermic
peak at 550 ◦C on the DTA curve. This endothermic peak at 550 ◦C
along the fourth (the last) step in the temperature range of 450–
800 ◦C implies the formation of TiO2 or phase change. The weight
reduction at this stage can be attributed to further decomposition
of carbonaceous organic material from the precursor solution.
In order to further understand the crystallinity of the prepared
nanomaterials XRD studies were ensued as described in the ex-
perimental details above. The acquired XRD patterns of the TiO2
fibers prepared by sintering at various conditions can be seen in
Figs. 4, and 5. It was observed that while increasing the calcina-
tion temperature from 300 ◦C to 800 ◦C (duration = 2 h) the XRD
peak characteristic of anatase TiO2 form diminishes accompanied
by expansion of the XRD peak characteristic of rutile TiO2 phase.
Further it was noticed that at 800 ◦C the majority of the XRD
pattern is rutile phase. Thus it can be concluded based on the facts
observed at XRD characterization that a calcination temperature
of 800 ◦C with 2 h sintering time is sufficient to obtain the with
significant proportion of rutile phase TiO2 grains.
Fig. 3. DTA/TG curves of the TiO2 nanocrystal precursor of the sample.
Fig. 4. XRD patterns of TiO2 Fibers at 300 ◦C to 700 ◦C for 2 h.
The next logical question was if we can get this phase transi-
tion at lower temperature than 800 ◦C? To address this question
we again acquired XRD spectra for samples prepared at 700 ◦C,
this time with varied sintering times from 1 min to 600 min. The
acquired XRD spectra, as can be seen in Fig. 5, for calcination at
700 ◦C and for the for time duration in excess of 300 min, shows
a change in the XRD peaks from those characteristic of anatase
TiO2 to the ones characteristic of rutile TiO2. This implies that a
thermal aging (> 300 min) at a temperature of as high as 700 ◦C is
sufficient for the total crystallization of TiO2 and the entire carbon
removal from the fibers.
3.2. Effective factors on fiber morphology
Apart from the effect of temperature and duration of sintering
there are some other factors of relevance to the centrifugal jet
spinning via sol–gel method which affect morphology of the
fibers and need to be investigated in order to fine tune the process
of obtaining the TiO2 nanofiber composites with desired charac-
teristics and uniformity in the attributes such as size distribution.
These include viscosity of the sol–gel, rotational speed of the
rotor, heat treatment and humidity.
3.2.1. Effect of PVP content on fiber morphology
The viscoelasticity of the spinning sol–gel is an important
parameter which influences the morphology of the fibers ob-
tained via sol–gel method. Viscoelasticity of the sol–gel greatly
depends on the content of PVP. In order to investigate the effect of
PVP content on the fiber morphology we varied the PVP content
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Fig. 5. XRD patterns of TiO2 fibers at 700 ◦C from 1 min to 600 min.
before heat treatment. The obtained results have been summa-
rized in Table 1. It can be clearly seen that there is a gradual
increase in the average diameter of the fibers with increasing
PVP content despite a constant value of diameter of the Spinneret
orifice i.e. 0.4 mm. There is a scope to reason that with the
increase of PVP content the viscosity of the spinning sol–gel
gradually increases which results in a rapid thinning of the sol–
gel during initial stage of spraying which ultimately culminates
into a decrease in the weight of the jet. With the ejection of the
jet from the spinner due to large effective air resistance there is
a reduction in the rotational stretching time of the jet in the air
giving access to fibers with larger diameter.
3.2.2. Effect of rotational speed on fiber morphology
Rotational speed is another important factor affecting fiber
morphology since the centrifugal force being exerted on the
precursor sol–gel is proportional to the rotational speed of the
spinner. As a consequence of this varying rotation speed makes
the sol–gel to ooze out of the orifices with different flux which
finally affects the diameter of the fibers being formed. As can
be seen in Table 1, when the rotation speed was 2000 rpm the
diameter of TiO2 fibers was larger. Apart from this it was also
observed that at this speed of rotation there is development
of beads on the visible fiber surface. This can be attributed to
the low rotation speed which imparts a very small centrifugal
force insufficient to overcome the capillary force and surface
tension of the sol–gel. In order to obtain the fibers devoid of these
bead-like structures on their surfaces we increased the speed of
rotation further to 3000 rev. /min. It was observed that when PVP
content is more than 4% and rotation speed is 3000 rev. /min
we get rid of the beads from the fiber surface and the resulting
fibers are uniform with respect to their sizes. The fibers obtained
were uniform and with the large diameter. When the rotation
speed was increased to 6000 rev./min, diameter of the obtained
fibers reduced significantly as the centrifugal force exerted on
the spinning sol–gel is overcomes the capillary force and surface
tension at this speed of rotation.
3.2.3. Effect of humidity on fiber morphology
Kapadia and et al. have noticed that when the relative humid-
ity of environment is varied from 16% to 32%, the PVP coupled
fiber morphology changes from fibers to spill tapes and the per-
centage of spill tapes gradually increases [24]. The results have
been reported with a moisture content of 32%.
Fig. 6. SEM of TiO2 fiber before sintering produced with SJR method.
Fig. 7. SEM of TiO2 fiber after sintering produced with SJR method.
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Table 1
Fiber morphology change and diameter change with different polymer concentrations and rotational speeds.
PVP concentration (wt. %) Velocity
2000 RPM 3000 RPM 5000 RPM
Morphology Diameter Morphology Diameter Morphology Diameter
0–4% Beads – Beads + fiber – Beads + fiber –
5% Beads + fibers – Continues fiber 330 ± 50 Continues fiber 220 ± 50
7% Continues fiber 570 ± 50 Continues fiber 440 ± 50 Continues fiber 310 ± 50
9% Continues fiber 660 ± 50 Continues fiber 470 ± 50 Continues fiber 380 ± 50
Fig. 8. SEM micrographs of TiO2 fiber sintered at (a) 300 ◦C, (b) 400 ◦C, (c) 500 ◦C, (d) 600 ◦C, (e) 700 ◦C, and (f) 800 ◦C for 2 h.
Fig. 9. TiO2 grain growth during heat up at 300 ◦C to 800 ◦C for two hours
soaking time.
3.2.4. Effect of heat treatment on fiber morphology
We further tried to investigate the behavior of the process in
light of varying sintering temperature and duration of sintering
step to which these materials are subjected. Figs. 6 and 7 depict
the effect of temperature and time of sintering on the diameter of
fibers. During the heat treatment there is decomposition of most
of the organic materials and evaporation of solvents as well. This
results in decomposition of the polymeric matrix of the solvent.
As expected the diameter of the fibers after sintering shrinks
to about 50% of its initial diameter after the heat treatment.
Sintering at 700 ◦C for 2 h with a heating rate of 3 ◦C/min shrinks
the diameter to 250 nm which prior to sintering was 500 nm
for fibers obtained at 3000 r/min and 0.4 mm spinneret orifice
diameter.
3.3. Grain growth kinetics of TiO2 nanocrystals
Having discussed the observed effects of various parameters
on the final morphology of the obtained nanofibers we come to
the next part of our manuscript wherein we focus on under-
standing the mechanism and kinetics of grain growth of TiO2
nanocrystals. It has been already established that understanding
the kinetics and mechanism of grain growth and the homo-
geneity of the grains during sintering process are critical for
acquiring a structure with the desired properties. Tuning the
parameters such as time and sintering temperature in cognizance
with grain growth kinetics offers a fine control over the process
of nanomaterial preparation.
3.3.1. Grain growth TiO2 fibers during heat-up and 2 h soaking time
As can be observed in accompanying figure, Fig. 8, the mor-
phology of the nano-size titanate is not precisely clear as porous
nanofibers in the temperature range 300 ◦C to 700 ◦C. This can
be attributed to presence of high amount of residual polymer
in the structure. The average grain size of TiO2 nanofibers was
acquired using image analysis procedure, the average grain size
of TiO2 fiber figured. It was observed that the average grain size
distribution obtained at 300 ◦C to 800 ◦C with soaking time 2 h
ranges from 17 nm to 160 nm. In order to better understand this
relationship, the plot of grain size during heat up with 2 h soaking
time is shown in Fig. 9. It can be seen that there is a fast grain
growth during this step of sintering at 800 ◦C.
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Fig. 10. SEM Micrograph of TiO2 fibers sintered at 700 ◦C for (a) 1 min (b) 30 min (c) 60 min (d) 100 min (e) 300 min (f) 600 min.
Fig. 11. TEM micrographs (a) grains of green fiber TiO2 and (b) TiO2 fibers heated at 700 ◦C for 1 min, (c) 30 min, (d) 60 min, (e) 300 min and (f) 600 min.
3.3.2. Grain growth TiO2 fiber during isothermal holdings
At around 700 ◦C, the carbonaceous residues built up from
the polymer degradation are expelled from the structure. At this
point if we provide isotropic conditions to make the structure
completely identifiable and we can assess kinetic grain growth
in the Nano-structure. Another point is that the growth of the
grains at this temperature is moderate and the Nano-structure is
keeps up building without any significant grain growth. That is
under these conditions, we have an opportunity to explore the
effect of sintering time until the point that irregular growth of
nanomaterials happens.
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Fig. 12. Grain area vs. growth times TiO2 film at 700 ◦C.
3.3.3. Kinetic exponent of grain growth during isothermal holdings
For the most of the part, as usual, normal grain growth in
TiO2 materials is driven by a decrease in the surface free energy
related to the interface boundaries of the microstructure which is
natural course of nanomaterial growth. The boundary movement
in growing nanomaterials is affected by grain size of the ag-
glomerating nanomaterials, temperature prevalent in the reaction
mixture and by presence various impurities. Rate of change in
grain size gives a significant impetus to atom movement over
the boundary, which is addressed by following condition (Beck,
1948) [26]:
dD
dt
= k/Dm (1)
where, D is the average grain size at time t, assuming that initial
average grain size is much smaller than D, m is the grain growth
exponent which reflects behavior of the grain growth, and ‘‘k’’ is
the pre-exponential factor. Eq. (1) gives access to Eqs. (2) and (3):
D = kt1/m (2)
log A = (
2
m
)log t + C1 (3)
where, ‘‘m’’ is the kinetic exponent of grain growth, A is the
average grain area, measured with broken fiber cross section of
some fibers, and C1 is a constant. We can obtain m from the slope
of the linear regressive line plot of log A versus log t. Grain areas,
and average grain size can be calculated during the sintering
procedure, with SEM and TEM images.
Thus we plotted the average grain area on a logarithmic scale
in correlation with grain growth time. The kinetic exponent of
grain growth can be conversely identified with the slope of the
curve, was found to be around 0.17 (Fig. 12) at the early stages
of the sintering procedure. It was observed that this exponent
increases to 0.29 at the second stage of the process of grain
growth of TiO2 fibers. As depicted in Figs. 10 and 11, measuring
the grain size with TEM reduces measurement error due to larger
magnification of the TEM microscope. Based on these facts it
can be concluded that the activation energy in early step of
grain growth is smaller than that at the later or second stage of
the process. This emphasizes that it is important to control the
amount of carbonaceous materials in the early stages of the grain
growth.
3.3.4. Fractal dimension of grain boundary
Fractal dimension (D) for TiO2 fibers was calculated using
box-counting method after preprocessing the obtained SEM mi-
crographs [21]. It was observed that the range of the fractal
Fig. 13. Variation of fractal dimension of nanostructure TiO2 sintered at different
soaking time.
dimension in this particular case lies between two and three (2
< DF < 3). Generally speaking, a higher dimension relates to a
rougher surface with a higher porosity. As can be seen in Fig. 13
which plots the variation of fractal dimension of nanostructured
TiO2 sintered at different soaking times, the fractal dimension
decreases with the increase in time of grain growth. This clearly
relates the surface smoothening of grain boundaries growth time.
As the growth time increases surface becomes smooth. On the
other hands self-similarity except 3 min increased then surface of
fibers will be smoothed and self-similarity decreased. [The reason
for the decrease and increase at 3 min soaking time, may be the
new arrangement of grains at constant temperature]
3.4. Effect of Porosity on Grain Growth TiO2
During the sintering process typically the migration of pores
with the grain boundaries happens and interior pressure in the
pores p, can be expressed as
p = 2γ/R (4)
where, γ is the surface energy and R is the radius of pores.
The boundary velocity V b, is expressed as
V b = Mb(F b − nF p) (5)
where Mb is the boundary mobility and forces (F p and F b )
are the forces acting on a pore and a boundary without pores
respectively. If γgb is specific grain boundary energy, and r1, r2
represent radii of curvature of the boundary while D serves as
the average of grain diameter. then,(
1
r1
+
1
r2
)
∝
1
D
(6)
Fb = ∆P .A = γGb
(
1
r1
+
1
r2
)
A ≈
2γgb
D
A (7)
As rate of boundary movement is controlled by the pore move-
ment which is inversely proportional to the pore radius, as shown
in Eq. (4), we have
Vp =
dD
dt
∝
1
r2
∝
1
r2
∝
1
D2
(8)
The boundary and pores move together, hence their velocities,
vb, vp (boundary velocity, pores velocity respectively) are identi-
cal, and we have
v = vb = vp = mbfb = mpfp (9)
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Expression for the grain boundary velocity with pore is given by
v =
mbfb
1 + N mbmp
(10)
Equation Eqs. (9) and (10) give access to Eq. (11)
dD
dt
∝ v =
mpfb
N
(11)
where, N is the average number of pores per boundary [27,28].
Thus according to Eq. (11) as there is increase in the number
of Nano-pores mass transfer to the expanding grain boundary is
reduced resulting in decrease in grain growth. Thus the average
number of nano-pores in the structure serves as an important
factor deciding grain growth kinetics.
4. Conclusion
Titanium oxide fibers were acquired effectively by sol–gel
technique, the stages of production and factors affecting fiber
production are described. The consequences of TG and DTA show
that decomposition of sol–gel proceeds in different steps that
show decomposition polymer. After heating the composite, XRD
peaks reveal that first the anatase phase is formed followed by
the rutile phase. At high temperature, the main diffraction peaks
of anatase change to rutile during sintering process and conse-
quently there is a majority of rutile peaks at 800 ◦C (duration
= 2 h). The grain growth behavior of isothermal hold follows
a slower process than that of heat-up. The kinetic exponent of
grain growth in the secondary recrystallization is bigger than that
of primary recrystallization at 700 ◦C. Pores and carbon from
polymer which is released gradually are the major factors that
impact controlled grain growth during grain growth process.
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